Despite the scrutiny that has been directed for years at the yeast genome, relatively little is known about the impact of replication on the substitution dynamics in Saccharomyces cerevisiae. Here, we show that the mutation rate increases with the replication timing by more than 30% between the earliest and the latest replicating regions. In addition, we found a mutational asymmetry associated with the polarity of replication resulting in higher rates of substitutions toward C and A than toward G and T in leading strands (reciprocally more substitutions toward G and T in lagging strands). Such mutational asymmetries applied over long evolutionary periods should generate compositional skews between the two DNA strands. Thus, we show that the leading replicating strands present an excess of C over G and of A over T in the genome of S. cerevisiae (reciprocally an excess of G þ T over C þ A in lagging strands). We also show that the nucleotide frequencies at mutational equilibrium predict a compositional skew at equilibrium very close to the observed skew between leading and lagging strands, suggesting that compositional equilibrium has been nearly attained in the present day genome of S. cerevisiae. Surprisingly, the direction of this skew is inverted compared with the one in the human genome.
Introduction
Numerous works in mammals have revealed complex dependencies between neutral mutation rates, strand asymmetries, and various cellular processes, such as replication, transcription, and recombination. Several recent works in humans have revealed a monotonic increase of substitution rates with the replication timing at the genome scale (Stamatoyannopoulos et al. 2009; Chen et al. 2010) . In addition, both transcription-and replication-coupled strand asymmetries in the complementary substitution rates were shown to result in strand-specific compositional skews characterized by an excess of G þ T over C þ A bases in the nontranscribed and the leading strands (Green et al. 2003; Touchon et al. 2003 Touchon et al. , 2005 Polak and Arndt 2008; Mugal et al. 2009; Chen et al. 2011) .
By contrast and despite much smaller genomes, relatively little is known in yeast about the impact of replication on mutation rates and compositional skews at the genome scale. Earlier experimental studies in S. cerevisiae revealed mutation rate variations at different loci suggesting that the mutation rate would not be uniform along the genome (Ito-Harashima et al. 2002; Lang and Murray 2008) . In addition, it has been shown very recently that the mutation rate variations, measured at 43 different locations across the small chromosome VI, positively correlated with the replication timing (Lang and Murray 2011) .
However, no studies have so far analyzed the variation of the substitution rates at the genome scale in yeast. Moreover, replication-associated compositional skews have so far remained undetectable at the genome scale in yeast.
Compositional skews between leading and lagging strands result from the asymmetrical mutation rates applied for long evolutionary time on each side of the constitutively active replication origins. However, because origin firing is partly stochastic in yeast (Czajkowsky et al. 2008 ), a given sequence can be replicated alternatively by the leading or the lagging strand depending on which neighboring origin is activated, therefore mitigating its resulting skew pattern. To overcome this limitation, some authors focused on particular sequences in the genome harboring essentially fixed leading or lagging replication. A pioneer work reported a composition asymmetry restricted to the ends of the chromosomes, that is, in the regions distal to the last autonomous replicating sequence (ARS) on each chromosomal arm that undergo unidirectional replication in each cell cycle (Gierlik et al. 2000) . More recently, it has been shown that all eight centromeres in Candida albicans collocate with the earliest/most efficient replication origin on each chromosome (Koren et al. 2010) . Moreover, the authors showed that all pericentromeric sequences present asymmetrical skew pattern indicative of constitutively active replication origin for many generations. This skew pattern is characterized by an excess of G þ T over C þ A in the leading strand (and reciprocally an excess of C þ A over G þ T in the lagging strand). Furthermore, this local skew pattern allowed the authors to predict the location of centromeres in two other species of the Candida clade, Lodderomyces elongisporus and C. lusitaniae, as well as in the more distantly related yeast, Yarrowia lipolytica, suggesting that the compositional skews might be widespread in the yeast genomes, at least at specific genomic locations (Koren et al. 2010 ).
To date, the existence of a genome-wide association between the replication and mutation rate variation, mutational asymmetry, and compositional skew has not yet been established in yeast. Here, we report the existence of a genome-wide correlation between replication timing and substitution rate in S. cerevisiae. We also describe the existence of mutational asymmetries associated with the polarity of replication. We show that this mutational pattern is in good agreement with the presence of a compositional skew between the leading and the lagging strands at the genome scale, in S. cerevisiae. Finally, we present evidence that this genome has nearly attained the mutational equilibrium.
Materials and Methods
All data analyses were performed with a combination of homemade scripts, the use of the R program (http:// www.R-project.org [cited 2011 Nov 25] fig. 1A , Supplementary Material online). Coding sequences correspond to the genes encoded by the top strand (the Watson genes) and transcribed sequences correspond to sequences complementary to the genes encoded by the bottom strand (the Crick genes). Therefore, for transcribed sequences, we used the bases complementary to single nucleotide polymorphisms (SNPs) identified in the Crick genes. Similarly, the calculation of the compositional skews was performed on the third-codon positions for genes located on the Watson strand and on complementary bases of the third-codon positions for genes located on the Crick strand.
A set of 80,141 synonymous SNPs (extracted from the SNP file downloaded at http://www.moseslab.csb.utoronto. ca/alan/sc_q40_m5_coding_SNPs_annot.txt [cited 2011 Nov 25] ) and 87,624 intergenic SNPs (extracted from the Saccharomyces Genome Resequencing Project [SGRP] data [Liti et al. 2009 ] at ftp://ftp.sanger.ac.uk/pub/dmc/ yeast/latest/ [cited 2011 Nov 25]) were used to characterize the correlations between substitution rates and the replication timing data from Raghuraman et al. (2001) . Open reading frames (ORFs) were gathered according to their replication timing into 4-min bins. Synonymous substitution rates were calculated by dividing the total number of synonymous substitutions by the total number of synonymous positions in each 4-min bin. For intergenic sequences, substitution rates were calculated by dividing the total number of intergenic SNPs by the total number of intergenic nucleotides in each 4-min bin.
The 12 individual substitution rates on figure 2 were calculated from the subsets of synonymous and nonsynonymous SNPs for which an ancestral nucleotide sequence could be inferred by parsimony using S. paradoxus as an outgroup. At each SNP position, the identity of the nucleotide in the S. paradoxus genome was considered as reflecting the ancestral state only if the three following conditions were fulfilled: 1) the polymorphism between all strains of S. cerevisiae was restricted to two different bases at a given site (to limit the problem of possible multiple mutations), 2) the base found in the S. paradoxus genome was shared with at least three strains of S. cerevisiae, and 3) the variable nucleotide was sequenced in at least two strains of S. cerevisiae (to limit the problem of sequencing errors). These criteria led to a subset of 36,449 synonymous and 17,423 nonsynonymous SNPs that were extracted from a file downloaded at http://www.moseslab.csb.utoronto.ca/sgrp/download. html (cited 2011 Nov 25).
We did not correct for possible multiple substitutions because we applied very conservative criteria for ancestral state inference (see above) and also because the evolutionary distance between S. cerevisiae and the outgroup species, S. paradoxus, is very limited with rates of synonymous and nonsynonymous substitutions between the two species of 0.36 and 0.4, respectively, which is similar to the distance found between rat and mouse (Friedman and Hughes 2005) . The 12 individual substitution rates were calculated by dividing the number of substitutions of a given type by the number of potentially mutable sites of the same type.
To look for mutational asymmetries and compositional skews between the leading and the lagging strands, we selected the 148 replication origins in the study from Alvino et al. (2007) , which correspond to peaks fulfilling the following criteria: 1) visible at 120 min after release from G1 in the presence of hydroxyurea, 2) localized in the two technical replicates at ,5 kb apart, 3) showing a heavy/light ratio difference of at least 5% between the top of the peak and each flanking valley, and 4) colocalizing at ,5 kb with an ARS referenced as confirmed or likely in OriDB (http:// www.oridb.org/index.php; supplementary fig. 2 , Supplementary Material online). Normalized positions along the 148 replicons were obtained by dividing the size of each replicon into 50 equal sections of 2%. The position of the origin (Ori) was set at 50% and the position of the flanking termination regions (Ter) were set at 0% and 100% in each replicon. For each 2% section, we pooled the data from all the 148 replicons.
The 148 replicons comprise 3,185 ORFs from which we extracted a subset of 22,661 SNPs at third-codon positions using the same criteria as above. From these data, we computed the 12 substitution rates on both leading and lagging strands and evaluated the sign of the difference between the complementary rates ( fig. 3 ).
The compositional skews were calculated separately for the leading and the lagging strands from the same 148-replicon regions as
, and S 5 S GC þ S TA for the different data sets (third-codon positions, 4-fold degenerate sites, and intergenic regions). Nucleotide frequencies at mutational equilibrium (A*, T*, G*, and C*) were also calculated separately for the leading and the lagging strands removing the 10% most extreme values on each side of the replicons corresponding to the termination regions. Equilibrium nucleotide frequencies were computed from the relative rates of substitution at third-codon positions by solving simultaneously the 
Results

Substitution Rates Increase with Replication Timing at the Genome Scale
Using the SNP characterized between 39 strains of S. cerevisiae (Liti et al. 2009 ), we computed substitution rates relative to the replication timing of the chromosomes (Raghuraman et al. 2001) . To keep the effect of selection as low as possible, we limited our data set to the most neutral sites of the genome. We selected a set of 80,141 synonymous and 87,624 intergenic SNPs, and we found that substitution rates for both synonymous and intergenic SNPs significantly correlate with replication timing (fig. 1A ). The substitution rate monotonically increases with timing, leading to an offset of approximately 33% between the earliest and the latest replicating regions (36% and 29% for synonymous and intergenic SNPs, respectively, as estimated from the extrema of the fitting curves). This suggests that the late replicated regions would accumulate on average 1.3 times more neutral mutations than early replicated sequences.
Because the increase of substitution rate with replication timing is clearly visible with intergenic sequences, it seems unlikely that transcription would be at the origin of this phenomenon. However, it has been shown that highly expressed genes evolve slowly (Pal et al. 2001; Koonin 2011 ), so we checked whether the gene transcription levels were correlated with replication timing. We used a set of 4,644 genes for which transcription levels were determined by RNAseq (Nagalakshmi et al. 2008) . We identify 67,054 synonymous SNPs belongingto this subsetof genes.Weplottedthenumber of SNPs per gene as a function of the gene expression levels and confirmed that for transcription levels higher than three (log 2 tag count), genestend toaccumulate fewersubstitutions as their level of expression increases ( fig. 1B ). However, we clearly show that mean transcription levels are not correlated with replication timing (fig. 1C) , demonstrating that the increase of the substitution rates with replication timing is independent from gene expression level.
Transition Rates Largely Exceed Transversion Rates
To assess the relative contribution of each type of substitution to the global mutation spectrum, the 12 individual substitution rates were calculated from the subset of synonymous SNPs for which an ancestral nucleotide sequence could be inferred by parsimony using S. paradoxus (the closest relative to S. cerevisiae) as an outgroup (Materials and Methods). As expected from identical mutation probabilities between the two DNA strands (Chargaff's second parity rule), complementary substitution rates are nearly identical on one strand, leading to only six distinct substitution rates ( fig. 2A) . The two transition rates (G:C / A:T and A:T / G:C) greatly exceed the four transversion rates ( fig. 2) . However, the rate of G:C / A:T is 1.4 times greater than that of A:T / G:C, in good agreement with similar biases toward A:T base pairs seen in other studies (Lang and Murray 2008; Lynch et al. 2008; Nishant et al. 2010 ) and with the finding that the most substantial cause of spontaneous mutation would be deamination of C / T (Kreutzer and Essigmann 1998). We found a transition/transversion ratio (s/v) for synonymous substitutions of 7.7, much higher than previous estimates in S. cerevisiae (between 0.5 and 0.7) deriving from forward mutation assays or from mutation accumulation lines (Lang and Murray 2008; Lynch et al. 2008; Nishant et al. 2010 ). This discrepancy is partly due to the fact that transitions are all synonymous at 2-fold degenerated sites, whereas transversions are all nonsynonymous. Therefore, in order to avoid a bias in favor of transitions, the data set was reduced to only 4-fold degenerated sites resulting in a significantly smaller transition/ transversion value of 3.2. Mutational Profile of the Yeast Genome · doi:10.1093/molbev/msr280 MBE In addition, the 12 individual substitution rates were also calculated from the subset of nonsynonymous SNPs for which an ancestral nucleotide sequence could be inferred. Complementary rates are also nearly identical on one strand, and the two transition rates (G:C / A:T and A:T / G:C) exceed the four transversion rates but to a lesser extent than for synonymous substitution rates ( fig. 2B ). The global rates of substitutions are on average 6.2 times higher for synonymous than for nonsynonymous substitutions (dN/dS 5 0.16). Moreover, we calculated the s/v ratio for nonsynonymous SNPs and found an even smaller value of 2.1, but still notably higher than previous estimates.
These results illustrate that caution is advised when comparing mutational spectrum from different systems because the type and the number of mutations that can be sampled largely depend on the nature of these genetic systems (Maki 2002) . Previous estimates were based either on forward selection of nonsense and missense mutations disabling the activity of reporter genes or from a very limited number of nearly neutral mutations identified from mutation accumulation lines. Here, we provide the first large-scale analysis of the mutation spectrum in the yeast genome and show that, so far, the transition/transversion ratio was probably underestimated.
Replication Generates Mutational Asymmetry
Replication is an intrinsically asymmetric process that could lead to biased mutation rates between leading and lagging strands. In eukaryotes, the existence of such replicationassociated asymmetries has been established only in the human genome (Chen et al. 2011 ). However, because origin firing is partly stochastic in yeast (Czajkowsky et al. 2008 ), a given sequence can be replicated alternatively by the leading or the lagging strand depending on which neighboring origin is activated. To focus on sequences with essentially fixed leading or lagging replication, we selected a subset of 148 replication origins that fire in each cell cycle in the vast majority of the cells. The corresponding 148 replicons comprise 3,185 ORFs representing 57% of the genome (see Materials and Methods and supplementary fig. 2 , Supplementary Material online). Replication-associated asymmetries were sought by looking at the differences between rates of the complementary synonymous substitutions at third-codon positions. For instance, on the leading strand, G / A could occur at a higher rate than the complementary substitution C / T. Reciprocally, a C / T rate higher than the G / A rate would be expected on the lagging strand. Thus, the sign of the difference between the two complementary substitution rates, D 5 (G / A) À (C / T) would switch at replication origins. Here, we show that the sign of the difference between the two most prevalent complementary substitutions, D 5 (G / A) À (C / T), switches between the leading and the lagging strands ( fig. 3A) . Similar switches were observed for four other pairs of asymmetrical ratesbetween complementary substitutions( fig.3A) . We calculated the global mutational asymmetry in the leading and the lagging strands, and we found that the sign of the differences between substitutions toward T and A (T over A resultant in fig. 3B ) and between substitutions toward G and C (G over C resultant in fig. 3B ) switches at replication origins, predicting an excess of G and T over C and A on the lagging strands and reciprocally on leading strands.
Compositional Skews Are Associated with the Polarity of Replication
After long evolutionary time, this global mutational asymmetry should generate compositional skews between the two DNA strands (i.e., G 6 ¼ C and T 6 ¼ A on one strand). We examined the nucleotide composition in leading and lagging strands at third-codon positions for the set of 3,185 ORFs previously described. The size of each of the 148 replicons was normalized into 50 bins of 2%. The position of each origins (Ori) was set at 50% and the positions of the two flanking termination regions (Ter, defined as the latest replicating positions on both sides of an origin) were set at 0% and 100% (Materials and Methods). The 148 normalized intervals were pooled and the GC, TA, and total Agier and Fischer · doi:10.1093/molbev/msr280 MBE skews (S GC3 , S TA3 , and S 3, respectively) were calculated in each 2% section. We found that the composition of the leading and the lagging strands is skewed with GC and TA skews being positive on lagging and negative on leading strands (binomial test, all P values ,2 Â 10 À3 , see table 1), their sign switching at replication origins ( fig. 4A ). This bias implies that lagging strands are enriched in G over C and in T over A bases, whereas leading strands are enriched in C and A bases. The global nucleotide composition bias, represented by the total skew, S 3 5 S GC3 þ S TA3 , shows an average jump of approximately 8% around replication origins ( fig. 4A ), similar to the replication-associated skew reported for the human genome (Chen et al. 2011) .
The GC and TA skews were also determined for 4-fold degenerate positions (S GC4 and S TA4 ), where substitutions are not influenced by the amino acid usage. It appears that the amplitudes of GC and TA skews both globally decrease when using 4-fold degenerate sites as compared with the third-codon positions ( fig. 5A ). Although less pronounced, the GC4 skew is still significantly positive on the lagging strand and negative on the leading strand (P values , 10
À4
, table 1). However, no significant TA skew remains detectable with this data set (P values 5 0.6, table 1 and fig. 5A ). This reduction is likely due to a significantly stronger impact of codon usage bias on nucleotide composition for 4-fold degenerate positions than for thirdcodon positions for highly biased genes ( fig. 5B) . Therefore, for the highly expressed genes (codon adaptation index [CAI] values . 0.2), the compositional skew resulting from biased codon usage would be stronger than the replicationassociated skew at 4-fold positions (especially for the TA skew). Because in each bin of our data set, coding sequences alternate in equivalent proportions with transcribed sequences (supplementary fig. 1A , Supplementary Material online) and because coding and transcribed sequences have opposite codon usage-associated skews, the net resultant of the total skew tend toward zero because the replication-associated skew is hidden by the codon usagerelated skew at 4-fold degenerate positions. Thus, removing from the analysis, the positions corresponding to genes with CAI . 0.2 allows recovering a significant TA skew between leading and lagging strands (P values , 10
À2
, table 1 and fig. 5C ).
Finally, S GC , S TA , and S total were calculated for intergenic sequences ( fig. 4B ) where the nucleotide composition should not be influenced by either transcription or codon usage bias. We found significant compositional skews between the leading and the lagging strands for both GC and GC skew sign (%) Mutational Profile of the Yeast Genome · doi:10.1093/molbev/msr280 MBE TA (all P values ,2 Â 10
À3
; table 1, fig. 4B ), switching sign at replication origins and presenting the same direction as the skews detected at third-codon positions and 4-fold degenerate sites.
Compositional Skews Result from Asymmetric Substitution Rates
The direction of these compositional skews (excess of C þ A over G þ T bases on the leading strands) is fully consistent with the direction of the global mutational asymmetry described above, and S GC3 is more pronounced than S TA3 , in good accordance with the higher asymmetrical rates for G over C than for T over A resultants ( fig. 3B ). In addition, the magnitude of the skews gradually decreases toward zero when approaching the termination regions (fig. 4) . This shape is in good agreement with a model where fork termination would not occur at discrete sites (because the shape would then follow a step function, as in bacteria) but would rather occur quite randomly between active origins. This model of random termination is strongly supported by experimental data on mutator strains of S. cerevisiae where the mutational bias gradually decreases from the highest values near replication origins toward zero at midpoint between origins (Larrea et al. 2010) . In order to go further in the analysis of the substitution patterns, we checked whether the relative substitution rates in leading and lagging strands that were calculated from the third-codon positions were in agreement with the observed skews. We estimated the nucleotide frequencies at mutational equilibrium, where the loss of any given nucleotide must be equal to the net gain of that nucleotide at other sites (Sueoka 1995) . However, because termination regions are not precisely defined, the polarity of replication is uncertain in these regions. Therefore, relative substitution rates were recalculated excluding the 10% most extreme values comprising the termination regions on each side on the replication origins. Nucleotide frequencies at equilibrium show an excess of C over G and A over T in leading strands and inversely in lagging strands (the leading composition at equilibrium: C* 5 23.0%, G* 5 21.0%, A* 5 28.1%, and T* 5 27.9% and the lagging composition at equilibrium: C* 5 21.3%, G* 5 21.8%, A* 5 28.1%, and T* 5 28.9%) in good agreement with the observed skews. These nucleotide frequencies predict a mean skew value at equilibrium of S* 5 7.31% very close to the actual skew characterized here, S 5 8.4% (excluding the two bins of FIG. 4 . Compositional skews between leading and lagging strands. Each of the 148 replicons was divided into 50 sections of 2%. The position of the origin (Ori) was set at 50% and the position of the flanking termination regions (Ter) were set at 0% and 100%. The 148 normalized replicons were pooled and S GC , S TA , and total skew S were calculated on (A) third codon positions and (B) intergenic sequences in each 2% section as S GC 5 (G À C)/(G þ C), S TA 5 (T À A)/(T þ A), and S 5 S GC þ S TA , using complementary bases for genes encoded on the bottom (Crick) strand (see Materials and Methods).
Agier and Fischer · doi:10.1093/molbev/msr280 MBE 10% comprising the termination regions). Therefore, the compositional skews at third-codon positions in the genome of S. cerevisiae result from replication-associated asymmetric substitution rates between the leading and the lagging strands. In addition, the mean S* value at equilibrium is close to the observed mean S value, suggesting that compositional equilibrium has been nearly attained in the present day genome of S. cerevisiae.
Discussion
In this work, we showed that replication plays a major role on substitution rate variations by modulating both the magnitude of the rate during S-phase and the relative contribution of the different substitutions on each side of the replication origins. However, substitution patterns do not necessarily reflect the true mutational patterns because of the effect of natural selection (and genetic drift) and also because of possible multiple substitutions at a given position. In order to overcome as much as possible regarding these two pitfalls, we only considered sites under little or no selection constraints (third-codon positions, synonymous substitutions, 4-fold degenerate positions, and intergenic sequences), and we used as outgroup species, S. paradoxus, the closest relative to S. cerevisiae, thereby limiting the probability of erroneously inferring the ancestral nucleotide due to multiple substitutions. Therefore, the substitution patterns described here probably reflect the mutational patterns in the genome.
We have shown that substitution rates monotonically increase with the replication timing across yeast genome. Latest replicating regions would accumulate approximately 30% more mutations than early replicating regions. A similar increase has been recently reported in the human genome (Chen et al. 2010) . The molecular mechanism responsible for the mutation rate increase during S-phase is currently unknown. However, during S-phase, replication forks encounter numerous types of DNA lesion and there are some evidences that error prone repair mechanisms, such as translesion synthesis, would be essentially active at the end of S-phase and during the G2/M phases of the cell cycle (Lopes et al. 2006; Waters and Walker 2006) . In addition, it has been shown very recently that disruption of translesion synthesis results in a strong reduction in the mutation rate in late replicating regions of chromosome VI in S. cerevisiae (Lang and Murray 2011) . Therefore, it has been proposed that the increased mutation rates in late replicating regions could result from mutagenic translesion synthesis, whereas damaged bases encountered by replication forks at the beginning of S-phase would be mainly repaired by error free mechanisms, such as template switching using the newly formed sister chromatid (Lang and Murray 2011) .
We have also shown that complementary mutation rates are asymmetric between leading and lagging strands, the sign of the difference between complementary rates switching at replication origins. This mutational asymmetry results in higher rates of substitutions toward C and A than Mutational Profile of the Yeast Genome · doi:10.1093/molbev/msr280 MBE toward G and T in leading strands (reciprocally more substitutions toward G and T in lagging strands). Such mutational asymmetries applied over long evolutionary periods should generate compositional skews between the two DNA strands. We have shown that such skews between the leading and lagging strands are present in the genome of S. cerevisiae and that their direction is in good agreement with the mutational asymmetries we characterized between complementary substitutions.
However, other processes such as transcription-coupled mutational asymmetry (Green et al. 2003; Touchon et al. 2003) and biased codon usage could also induce compositional skew. There are several reasons why it seems very unlikely that these two processes would be responsible for the skews described here. First, the compositional skews (both TA and GC skews) are clearly visible around replication origins when considering only intergenic sequences, strongly suggesting that these skews are independent from both transcription and codon usage. Secondly, the very strong nucleotide compositional bias in coding sequences (Dujon et al. 1994; Cebrat et al. 1997 ) cannot account for the compositional skew described here because our analysis has been performed on a single DNA strand, the top strand, where coding sequences alternate in equivalent proportions with transcribed sequences (supplementary fig. 1A, Supplementary Material online) . Therefore, the net resultant of the coding versus transcribed compositional bias should be null. This is clearly visible for S TA3 , S TA4 , and S GC4 , where the skews globally shift toward positive or negative values when considering only coding or transcribed sequences (supplementary fig. 1B , Supplementary Material online). No shift is observed for S GC3 (supplementary fig. 1B , Supplementary Material online) because the proportions of codons ending with G or C are similar in the genome. Finally, we showed that both the transcriptional levels and the CAI values are uniformly distributed between the replication origins and the termination regions, ruling out the possibility that these skews would result from an excess of highly transcribed genes near replication origins ( fig. 1C and supplementary fig. 3 , Supplementary Material online). In conclusion, our results clearly demonstrate that the compositional skews between the leading and the lagging strands result from replicationassociated mutational asymmetries. In addition, we showed that the predicted compositional skews between leading and lagging strands at mutational equilibrium are very close to the observed skews suggesting that the genome of S. cerevisiae is close to the compositional equilibrium.
Interestingly, an earlier work in S. cerevisiae reported a compositional skew only limited to subtelomeric regions (Gierlik et al. 2000) . However, the direction of the GC skew, but not that of the TA skew, was inverted compared with our results. This work was based on the analysis of all nucleotides, including first-, second-, and third-codon positions and therefore could have been biased by functional constraints on gene sequences. However, the most intriguing difference between our results and previous reports on base composition asymmetry remains the direction of the skews. We show here that in S. cerevisiae, the leading strand is enriched in C and A nucleotides (and the lagging strand in G and T), whereas in human and in the vast majority of bacterial genomes, a prevalence of G and T bases is observed in the leading strands (Touchon et al. 2005; Rocha et al. 2006) . Maybe even more surprising is the direction of the skew found around centromeres in the genome of yeast species from the CTG clade (Candida albicans) and from the Dipodascaceae clade (Y. lipolytica), which is equivalent to the one characterized in the human genome (Koren et al. 2010) . Although limited to specific chromosomal regions, these results suggest that the inversion of the skew direction characterized in S. cerevisiae would be limited to yeast species belonging to the Saccharomycetaceae clade. Additional genome-wide replication timing profiles for different yeast species would be needed to test this hypothesis. However, if the specific inversion of the skew direction in the Saccharomycetaceae clade is proven true, the molecular mechanism at the origin of this major evolutionary transition yet remains to be discovered.
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Supplementary figures 1-3 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
